Ionotropic glutamate receptors (iGluRs) are a critical component of the vertebrate central nervous system and mediate the majority of rapid excitatory neurotransmission. However, iGluRs are not self-regulating molecules and require additional proteins in order to function properly. Understanding the molecular architecture of functional glutamatergic synapses is therefore an important challenge in neurobiology.
Introduction
Ionotropic glutamate receptors (iGluRs) are ligand-gated ion channels formed by the heteromeric assembly of four receptor subunits. The subunits are classified as belonging to one of the two major classes based on pharmacological specificity: the NMDA (N-methyl-D-aspartate) class and the non-NMDA class [1, 2] . A total of 18 receptor subunits have been identified in rat, seven of which belong to the NMDA class (NR1, NR2A-NR2D, NR3A and NR3B). Nine members of the non-NMDA class have been subdivided further into those preferentially gated by the drugs AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid; GluR1-GluR4) or KA (kainate; GluR5-GluR7, KA1 and KA2). The remaining subunits, δ1 and δ2, share sequence similarity with other iGluR subunits but have not been shown to form functional iGluRs and are referred to as orphan receptors. The heteromeric assembly of four subunits from a single class forms a functional ligand-gated receptor [3] [4] [5] . For example, AMPA subunits assemble to form AMPA-type non-NMDA receptors. Each subunit consists of four hydrophobic domains, three of which traverse the membrane (TM1-TM3). The fourth hydrophobic domain forms a re-entrant loop in the membrane and lines the pore of the ion channel (Figure 1) . The large extracellular N-terminal region and the extracellular loop between TM2 and TM3 include the S1 and S2 domains respectively that co-operate to form the ligandbinding domain.
Although Caenorhabditis elegans has a relatively simple nervous system that consists of only 302 neurons, at least ten putative iGluR subunits are expressed in the adult hermaphrodite [6, 7] . These include eight subunits most similar to the non-NMDA class (GLR-1-GLR-8) and two that belong to the NMDA class (NMR-1 and NMR-2). The large number of receptor subunits suggests that C. elegans expresses a diverse number of heteromeric iGluRs.
The amino acid sequences of C. elegans subunits share many similarities with vertebrate iGluR subunits [7] , including the 'Q/R' site in the pore region that regulates calcium permeability [8] and the highly conserved SYTANLAAF sequence located at the extreme C-terminus of TM2. A point mutation, alanine to threonine, in this region of the mouse δ2 subunit has dramatic effects on receptor gating. Receptors that contain this mutation appear to remain constitutively open and are the underlying cause of the ataxic gait secondary to degeneration of cerebellar Purkinje cells in the mutant mouse strain called lurcher [9] . Interestingly, when the same alanine-to-threonine mutation is introduced into the C. elegans GLR-1 subunit, transgenic 'lurcher' worms that express the modified GLR-1(A/T) receptor rapidly switch between forward and backward movement [10] . The GLR-1 subunit is expressed in a number of neurons, including the interneurons that direct forward and backward locomotion, AVA, AVB, AVD, AVE and PVC [11, 12] . These 'command interneurons' regulate the time a worm spends moving forward and backward largely in response to environmental cues. Presumably, the modified GLR-1(A/T) receptor induces the rapid switching behaviour by increasing ion flow through GLR-1(A/T) receptors expressed in the command interneurons. These transgenic lurcher worms provide a powerful genetic tool that can be used to isolate the genes required to form functional iGluRs. 
Isolating genes required for iGluR function in C. elegans
In order to form a functional nervous system, a number of highly regulated steps must be completed. Cells must differentiate into various neuronal types that express a specific complement of genes and make the appropriate pre-and postsynaptic connections. Furthermore, proteins must be localized to specific subcellular sites within each neuron. For example, iGluR subunits are expressed in a specific subset of neurons, assembled into tetrameric complexes with the correct subunit composition and localized to the appropriate post-synaptic sites. Once localized, iGluRs must be competent to gate open in response to ligand binding. Are additional gene products required for iGluR synaptic function? We have developed a genetic screen for genes required for iGluR function in C. elegans that takes advantage of the dramatic locomotory defects of transgenic lurcher worms. By screening for mutations that suppress the rapid switching behaviour, we isolated the sol-1 gene [13] .
SOL-1 is required for GLR-1 function in C. elegans
sol-1 encodes a novel CUB-domain transmembrane protein that is required for GLR-1 function. This is evident by the similar phenotypic defects of glr-1 and sol-1 mutants. Mutations in either glr-1 or sol-1 affect a worm's response to certain noxious stimuli, including mechanical and hyperosmotic stimuli. When a worm encounters an obstacle with the tip of its nose, it responds by moving backwards and away from the mechanical stimulus (nose touch response; Figure 2A ). Hyperosmotic stimuli also induce a similar backward avoidance response (osmotic avoidance; Figure 2B ). In glr-1 and sol-1 mutants, these responses are either absent or delayed. The mechanical and osmotic stimuli are detected by the ASH sensory neurons that are pre-synaptic to the command interneurons that express glr-1 and sol-1 [14] [15] [16] (Figure 2C ). Presumably, glr-1 and sol-1 mutants do not respond to the stimuli due to defective glutamatergic neurotransmission between ASH sensory neurons and the command interneurons.
Further evidence that sol-1 is required for functional GLR-1 receptors was provided by an electrophysiological analysis of the AVA command interneuron. AVA expresses at least six iGluR subunits, the non-NMDA subunits GLR-1, GLR-2, GLR-4 and GLR-5, and the NMDA subunits NMR-1 and NMR-2 [7] . GLR-1 and GLR-2 mediate rapidly activating and inactivating glutamate-gated currents in AVA [17] . In glr-1 mutants, the rapid current component is absent and only the slower NMDA-receptor-mediated current remains (Figure 3) . Consistent with the behavioural analysis, the glr-1-dependent glutamate-gated current is also absent from sol-1 mutants [13] . But how does sol-1 affect glutamatergic neurotransmission?
A number of possibilities could explain the lack of GLR-1 function in sol-1 mutants. For example, glutamatergic neurotransmission would be disrupted if GLR-1 were not expressed in the appropriate neurons. Alternatively, expression may be unaffected, but receptor trafficking, localization, membrane insertion or function may be disrupted. These possibilities were addressed by characterizing the expression and subcellular localization of a functional GLR-1 receptor tagged with the reporter molecule GFP (green fluorescent protein) (GLR-1-GFP). In wild-type worms, GLR-1-GFP is expressed in a number of interneurons and motor neurons and localizes to discrete punctate structures in the neural processes of the ventral nerve chord [18] . These puncta are thought to represent post-synaptic sites. Interestingly, GLR-1-GFP expression and localization in sol-1 mutants is indistinguishable from wild-type [13] . Furthermore, the receptors are localized to the cell surface of sol-1 mutants, suggesting that sol-1 is required for iGluRs to function once inserted in the membrane. Formally, sol-1 may affect ligand binding to the receptor, gating open in response to ligand binding or receptor desensitization.
How does SOL-1 regulate GLR-1 function?
Determining how SOL-1 contributes to GLR-1 function in the worm is important for a molecular understanding of glutamatergic neurotransmission. SOL-1 and GLR-1 co-localize in ventral nerve cord processes at punctate structures characteristic of post-synaptic sites, suggesting that the two proteins may form a complex. In support of this hypothesis, co-immunoprecipitation experiments indicate that SOL-1 and GLR-1 form a complex in heterologous cells [13] . Thus SOL-1 may function as a GLR-1 auxiliary subunit.
In mice, the stargazin protein is required for glutamategated current in cerebellar granule cells [19] . Stargazin is the founding member of the family of TARPs (transmembrane regulator of AMPA receptor function proteins) [20] . Initially, stargazin was thought to affect glutamatergic neurotransmission by acting as a chaperone protein for AMPA receptors to exit the ER (endoplasmic reticulum). A second role for stargazin occurs once the receptors have exited the ER where it functions to target AMPA receptors to the appropriate post-synaptic sites [19, [21] [22] [23] . Recently, a third function for stargazin has been described. The co-expression of stargazin with vertebrate AMPA receptors in heterologous cells modifies the kinetics of receptor desensitization and deactivation, suggesting that stargazin may alter channel function directly [24, 25] . Perhaps SOL-1 has a similar role in the function of GLR-1 in C. elegans. To address this question, it will be necessary to reconstitute functional GLR-1 receptors in a heterologous system. Interestingly, co-expression of SOL-1 and GLR-1 in Xenopus oocytes is not sufficient to reconstitute robust glutamate-gated currents [26] . Thus SOL-1 appears to be necessary, but not sufficient, for GLR-1 function, perhaps implicating an additional requirement for a stargazin-like protein in C. elegans. Likewise, vertebrate systems may also utilize a SOL-1-like protein to facilitate glutamatergic signalling. To date, no C. elegans stargazin homologue has been described and vertebrates express over 100 CUB-domain transmembrane proteins with sequence identity with SOL-1.
Conclusions
The analysis of iGluRs in C. elegans has led to many interesting and unexpected findings. Genetic and electrophysiological studies in the worm have shown that the molecular, pharmacological and electrophysiological properties of iGluRs in C. elegans share many similarities with those of vertebrate receptors. This allows us to take advantage of the powerful genetic tools available in C. elegans and apply what we learn in the worm to the understanding of more complex vertebrate systems. Identifying the SOL-1 CUBdomain transmembrane protein in C. elegans suggests the tantalizing possibility that all iGluRs are regulated by a SOL-1-like auxiliary protein.
Although the identification and initial characterization of SOL-1 showed that iGluRs in C. elegans are not stand-alone molecules, many outstanding questions still remain. Current efforts are largely focused on understanding the molecular mechanism of SOL-1 function. To this end, we need to identify all the necessary components of a functional GLR-1 receptor. A major advantage of C. elegans is the relative simplicity of identifying and cloning genes required for glutamatergic signalling. Identifying new molecules can further develop current models of iGluR-mediated synaptic signalling. Thus ongoing genetic studies in C. elegans are expected to make valuable contributions to the understanding of this important class of neurotransmitter receptors.
